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ON THE CAUSES OF VIBRATIONS AND THE EFFECTS OF COUNTERMEASURES AT 
WATER-FILLED INFLATABLE DAMS  
 
M. Gebhardt  
Federal Waterways Engineering and Research Institute, Karlsruhe, Germany 
 
ABSTRACT 
Vibrations can be the cause for abrasion of inflatable dams, resulting in leaks, as cases of damage have shown in the 
past. The results of extensive investigations with physical models form the basis for discussing the causes of vibrations 
and the effects of countermeasures at water-filled inflatable dams. A row of breakers was investigated for the first time 
in a physical model as an alternative to a deflector. In order to improve the shape, the location and the separation 
distance of the breakers, several test series have been carried out at an existing water-filled dam. As a result of the 
above experiments, it can be shown that vibrations of the water-filled type can be observed in a small range of dam 
heights when no countermeasures are provided and a constant upstream water level is considered. Vibrations appear 
suddenly and disappear during further deflation of the dam. Through the adaptation of a row of breakers vibrations can 
be avoided or at least significantly reduced. Information on the location and form of the breakers are given above.  
 
INTRODUCTION 
The German Federal Waterways and Shipping Administration (Wasser- und Schifffahrtsverwaltung, WSV) operates 
about 280 weirs, half of which are more than 50 years old. Many of these weirs will therefore need to be refurbished in 
the near future, even though budget resources are shrinking. At three sites the use of inflatable dams will enable savings 
to be made on the capital spending and maintenance costs. In spite of their advantages, there was much skepticism at 
the beginning, which is partly due to the damage that has occurred in the past and partly due to the lack of design 
principles. That was the occasion for extensive investigations with physical models in the laboratory of the Federal 
Waterways Engineering and Research Institute (Bundesanstalt für Wasserbau, BAW) with specific attention to the 
occurrence of vibrations and possible countermeasures.  
 
TYPES OF VIBRATIONS 
Due to their elasticity, inflatable dams change their geometry in dependence of the pressure distribution along the 
surface, so that the occurrence of vibrations can be very different in their characteristic (mode shape, amplitudes and 
frequencies). Generally the following types of vibrations can be distinguished:  
 
Type A: Vibrations of the nappe 
Type B: Vibrations due to pressure fluctuations  
Type C: Vibrations dam due to uplift forces 
Type D: Vibrations of the deflated membrane 
 
Vibrations of the nappe (Type A) arise in inflatable dams with deflectors and are in particular a well-known 
phenomenon at flap gates. They can be observed at small overflow depths and low tailwater levels where an air cavity 
is formed between the membrane and the thin nappe. Due to insufficient ventilation free-surface undulations and 
fluttering instabilities (i.e. Kelvin-Helmholtz instability) might occur. They can be prevented by nappe ventilation and 
breakers as described in Petrikat (1955), Minor (1975) or Chanson (1996). As vibrations of the nappe result only in 
small deformations of the rubber body compared with the other vibration types, this type is in general of minor 
importance according to the author.  
 
Vibrations due to pressure fluctuations (Type B) are described by several researchers. A good summary is given in 
Chanson (1997) including recommendations for a safe operation. Vibrations of Type B are caused by an unstable nappe 
separation on the downstream face of the dam (Figure 1: left). The resulting pressure fluctuations lead to vibrations and 
large deformations, so that abrasion can arise as described in case studies i.e. Ogihara & Muramatsu (1985). A deflector 
assures a stable nappe separation and forms an air cavity. Indeed the effectiveness is limited and the nappe adheres to 
the membrane again as overflow increases. Since water-filled dams were generally recognized to experience little 
vibrations, the investigations were focused so far on air-filled dams. The effectiveness of a deflector adapted to a water-
filled type was not investigated yet. Another difference from previous works is the fact that the projected dams have to 
be lowered with increasing overflow to control a constant upstream water level. Hence the shape of the cross section 
changes and the position of the deflector moves relative to the apex. The guidelines for an optimum location as 
described in Chanson 1996 are not suitable anymore for these conditions because a fully inflated dam is assumed.  
 
Vibrations due to uplift forces (Type C) occur during high overflow and increased downstream water level where the 
cross section of the dam changes from a circle or a teardrop to a more aerodynamically efficient shape like a wing. Due 
to the contraction of the flow a negative pressure area can be noted on the upstream face of the rubber body which 
directs the membrane vertical up and leads to a change of the flow field (Figure 2 right). Owing to the increasing flow 
resistance the membrane is pushed down again. The resulting vibrations are characterized by a significantly lower 
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frequency in comparison to Type B. Vibrations of Type C were not described yet and were next to Type B in the focus 
of this research. 
  
Figure 1: Vibrations of the partly deflated dam due to pressure fluctuations (Type B, left) and due to uplift 
forces (Type C, right) – Shape and pressure distribution along the surface 
 
Vibrations of Type D concern the fully deflated membrane which cannot sustain negative pressures caused by wake 
effects or fluctuating bottom shear stress. While wake effects, for example at the anchoring system, are a question of the 
streamline design, the fluctuating bottom shear stress is owing to the hydraulic boundary conditions. Here vibrations 
might arise at supercritical or near-critical flow, so that the occurrence is limited to rivers with turbulent uniform flow. 
Chervet (1984) observed two different modes of movement in the model and the proposed solution was to leave the 
dam lightly inflated in order to prevent the occurrence of supercritical flow. According to the author this 
recommendation is questionable, because it increases the likelihood of the occurrence of Type C. In general it is better 
to use a weir sill or chose a better site. A case study of a damaged inflatable dam at Lahn River in Germany which was 
used as a bulkhead and destroyed after a few years shows a combination of vibrations of Type D (Gebhardt 2006).  
 
MODEL INVESTIGATIONS 
 
Similitude and scale effects 
A primary analysis of the types of vibration excitation as described above is necessary to decide which similarity 
conditions must be met. According to Naudascher (1984) all types of vibration can be classified as self-sustained 
vibrations with fluid-flexible feedback and/or as self-excited vibrations, which can be correctly simulated in a Froude 
law model. Concerning the dynamic similarity the Cauchy number, the ratio between inertial and elastic force, must be 
considered as well. Chervet 1984 used a definition, where only the Young´s modulus E is regarded as a relevant 
component and bending stiffness EI is neglected. However, this assumption only partly applies to the described types of 
vibration: The influence of the bending stiffness decreases with increasing internal pressure, since the traction forces are 
dominating and a pressure variation causes only axial deformations. High internal pressures arise, however, only with 
fully inflated dam. Since the internal pressure must be reduced for further lowering, the traction force is reduced and the 
influence of the bending stiffness increases. In order to reach a dynamic similarity of the vibration behavior in the 
model, the bending stiffness EI must be taken into account. Hence, beside the Young´s modulus E, also the thickness of 
the membrane td in the moment of inertia I (I = 1/12· td
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In order to fulfil both Froude´s and Cauchy´s conditions of similitude in the model the following relation between the 
ratios of Young´s moduli, membrane thickness and model scale must be satisfied: 
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Tensile tests were carried out on samples, to estimate the Young´s modulus. As a reference material a 3-ply rubber 
membrane about 14 mm thick was chosen which is usually used for dam heights about 3.0 m. In the linear range of the 
Stress-strain curve a Young´s modulus of EN = 164 N/mm² could be estimated. For the model a single-ply chloroprene 
membrane about 0.9 mm thick was selected with a Young´s modulus of EM = 59.3 N/mm², which satisfied the model 
laws supposing a model scale of 1:12.5. As a result, the dimensional analysis for the frequency f and the amplitude A 
led to the following dimensionless variables which had to be taken into account in the experiment: 
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with h1, h2  = upstream and downstream water level, hd  = dam height, hi  = internal pressure head, ρd, ρw = density of 
membrane and water, v1 = velocity upstream, g  = gravitational constant and EI = bending stiffness respectively. The 
dam height hd itself is a function of the circumference length lc = lc,1 + lc,2, the internal pressure coefficient α0 = hi/h1 and 
the distance of the two anchor lines. Hence, lc is not listed as an additional factor. St is the Strouhal number and 
describes oscillating flow mechanisms. The large model scale and the flow rates ensure turbulent flow and negligible 
scale effects in flow resistance and energy dissipation. 
 
Experimental configuration 
The experiment was carried out in a flume with glass walls 18.0 m in length and 2.95 m in width using a scale model 
1:12.5 of one weir span (Figure 2 left). The flume was supplied by a constant head tank which can provide a maximum 
discharge of 350 l/s. The water discharge was measured using a magnetic-inductive flowmeter ABB MAG-XM with an 
accuracy of 0.4 % and the downstream water level was set with a digitally controlled flap gate. The water depths were 
measured with self-developed ultrasonic probes in lateral tubes according to the principle of communicating vessels. 
The error on the flow depth was less than 0.1 mm. A S7/300 SIMATIC PLC was used for the setting and sampling of 
experimental parameters, the control operation and the visualization. The geometry of the dam was measured using an 
inductive displacement transducer TWK-Elektronik IW 262 (Figure 2: center). 
 
In order to examine the vibration ranges, the vertical amplitudes at the crest of the rubber body were measured, using a 
laser distance measuring instrument Idec MX1B (Figure 2: right) which works according to the triangulation principle. 
The instrument has the advantage that distances can be measured contactlessly with a very high accuracy (depending 
upon distance, 10 ?m to 50 ?m). Since the laser sensor is usually used for measurements in air and requires a minimum 
distance of 5 cm, the sensor was encased with plexiglass and calibrated on site. The recording period amounted to at 
least 30 s, so that with a sample rate of 10 ms more than 3000 measured values were available. A further evaluation 
took place with the help of a Fast Fourier Transform (FFT). Additionally the series of measurements were documented 
by video, in order to later analyze the deformation figure.  
 
   
Figure 2: Physical Model in the laboratory: Fin-type model (left), Inductive transducer for geometry 
measurements (center), Laser sensor for vibration measurements (right) 
 
The experimental procedure was to vary the discharge and the downstream water depth h2/h1 and to measure the dam 
height hd/h1. The upstream water depth h1 was kept constant and corresponds to the design dam height hd,0 (without 
overflow) with the design internal pressure coefficient α0. The downstream water depth was raised thereby in 
equidistant steps within the range of 0.00 ≤ h2/h1 ≤ 0.90 and the dam height was decreased gradually within the range of 
0.80 ≥ hd/h1 ≥ 0.20 for each tailwater condition which corresponds to a maximum discharge of Q = 110 l/s or a Froude 
number of Fr = 0.35. Thus on the average 60 measurements resulted for each test series. Three different internal 
pressures (α0 = 1.30, 1.60 and 2.60) were investigated, as well as two types of weir sills and the influence of 
countermeasures, here a deflector (fin) and a row of breakers. Full details of the experimental apparatus and of the data 
may be found in Gebhardt (2006). 
 
EXPERIMENTAL RESULTS 
With the help of a Fast Fourier Transform (FFT) the maximum amplitude of each test series was estimated. In order to 
define the range in which the resonance vibrations occur a 3D-plot was used in which the amplitudes Amax/h1 (Spheres) 
were plotted against the two dimensionless variables, downstream water depth h2/h1 and dam height hd/h1. The grey 
shaded areas correspond to a triangulation of the estimated amplitudes for better readability of the vibration ranges.  
 
Vibration of an inflatable dam without countermeasures 
The results of the test series without countermeasures (s. Figure 3: left) indicate that vibrations can be expected with 
relatively high tailwater levels and dam heights lower than hd/h1 = 0.64. Further it is to be stated that the inflatable dam 
starts to oscillate earlier under higher underwater conditions due to the increasing buoyancy. For example, the 
maximum amplitude in test series h2/h1 = 0.57 can be observed at hd/h1 = 0.46, while it can be noticed in test series h2/h1 
 4 
= 0.74 at hd/h1 = 0.58. The greatest amplitudes Amax/h1 = 7.5*10
-3 
can be observed at hd/h1 = 0.60 and h2/h1 = 0.74. The 
corresponding  Froude number is Fr = 0.22 and the Strouhal number St = 1.26. 
 
Figure 3: Maximum Amplitudes Amax/h1 vs. downstream water depth h2/h1 level and dam height hd/h1: Type 
without countermeasures (left), Fin-type (center) and Type with series of breakers (right) 
 
Vibration of an inflatable dam with deflector 
Under the same hydraulic boundary conditions, the effectiveness of a deflector was examined taking the fin as example. 
Figure 3 (center) shows that unlike the inflatable dam without countermeasures, no more vibrations occur at tailwater 
levels up to h2/h1 = 0.74. The fin prevents an unstable separation on the downstream face and thus developing pressure 
fluctuations. It should be noted that a sufficient aeration is obtained only at small overflow depths. When the discharge 
increases, the air chamber disappears completely. With increasing downstream water depth periodic vibrations occur, 
however with an amplitude 50% smaller than those of the model without countermeasures. The greatest amplitudes of 
Amax/h1 = 3.2*10
-3 
can be observed at a dam height of hd/h1 = 0.61 and a downstream water depth of h2/h1 = 0.82. The 
corresponding Froude number is Fr = 0.21 and the Strouhal number St = 0.86. The lower Strouhal number indicates the 
occurrence of vibration type C, which could be comfirmed by the video documentation. 
 
Vibration of an inflatable dam with row of breakers  
As an alternative countermeasure, a row of breakers was arranged on the downstream face (Figure 4c). In contrast to 
flap gates, where the breakers are located at the end of the gate and where nappe separation occurs, the separation point 
of an inflatable dam depends on the dam height. In preliminary investigations, the best effectiveness regarding breaking 
and aereating of the nappe was achieved with an angle of approx. 40° from the apex of the rubber body, if thereby the 
downstream side is idealized by a circle with the radius r = 0.5 hd. This distance is also in the range from 30 to 60° for 
the optimal situation of a deflector, recommended by Chanson (1998). For practical reasons, however, it is easier to 
define the location in relation to the deflated membrane lA. Here, an angle of 40° corresponds to a distance of 0.9 lA 
(design lc/h1 = 4.47, α0 = 1.60). Distance and shape of the breakers oriented themselves at breakers for flap gates, as 
illustrated e.g. in Minor (1975), Fig. 19, but had to be adjusted because the breakers had to be cast in polyurethane. 
 
The results of the test series are presented in  Figure 3 (right): At first glance it shows a somewhat surprising result, 
because the positive influence of the breakers is not limited to small overflow depths and low tailwater levels 
(vibrations of Type A) as previously expected. The breakers reduce as well the sensitivity to vibrations in the range 
where vibrations of Type B and C occur, although they did not devide the nappe, allowing for the passage of air. A 
closer look provides a simple explanation: separation at the breakers leads to an increasing turbulence in the flow. 
Turbulence has the property that physical factors such as pressure and velocity are subject to large fluctuations in space 
and time (Lugt 1979). Thus the pressure fluctuations, which result mainly from the radial (in the range of separation 
quasi-one-dimensional) flow along the membrane surface and the unstable separation point, were mixed and resonance 
vibrations are prevented. The increased level of turbulence is reflected also in the frequency analysis, in which several 
distinct frequencies with amplitudes of similar magnitude can be observed instead of one maximum (Gebhardt 2006). 
 
IN-SITU INVESTIGATIONS 
In order to improve the shape, the location and the separation distance of the breakers, several test series have been 
carried out at an existing water-filled dam with two spans of a width of 15.60 m each and a dam height of 0.84 m. The 
design was comparable to the model, except the weir sill height, which limited the investigations to the overflow 
without tailwater effects. A single-ply chloroprene membrane about 6 mm thick was installed, the Young´s modulus, 
however, was not known (Table 1).  
 
For the investigations, a mobile measuring device was prepared consisting of an aluminium frame (Figure 4d), a 
displacement transducer WayCon SPH60-1500 which was attached to the rubber body (Figure 4e) and an analog-to-
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digital converter Spider Hottinger Baldwin Messtechnik GmbH. The experimental procedure was to increase the 
overflow of one weir span by reducing the discharge through the power plant. The upstream water depth h1 was kept 
constant, while the dam height hd/h1 was measured.  
 
Table 1: Summary of experimental flow configurations for model and in-situ investigations 
 hd,0 
 
lc,1 lc,2 hi,0 α0 lc/hd,0 E max Q max Fr 
 [m] [m] [m] [m] [-] [-] [N/mm²] [m³/s] [-] 
Model 0.18 0.53 0.28 0.28 1.60 4.47 59.3  0.11 0.35 
In-situ 0.84 2.81 1.19 1.20 1.40 7.76 - 16.4 0.18 
 
During the investigations the laboratory results could be reproduced satisfactorily: Vibrations of Type C occurred only 
in a small range of 0.60 ≤  hd/h1 ≤  0.70 (model: hd/h1 < 0.64), but more during deflating than during inflating the dam 
(Figure 4a). This might be due to the fact that the internal pressure is higher immediately before the raising of the dam 
than before lowering. Evaluating the ranges of vibrations with a Fast-Fourier-Transform, it is recognized that in 
addition to a basic frequency, several harmonics can be measured (Figure 4b). Compared to the laboratory results larger 
amplitudes could be observed which might be explained by the missing dynamic similarity between scale and full-scale 
model. Although the Young´s modulus is unknown, the author assumes from the experience in other inflatable dams 
that the bending stiffness of the full-scale model was smaller. The largest amplitudes could be measured corresponding  
Froude number is Fr = 0.14 and the Strouhal number St = 2.1. 
 
 
 
 
         
Figure 4: (a) Dam height vs. time during the in-situ investigations with range of vibrations,  (b) frequency 
spectrum of the resonance vibrations, (c) amplitudes of the vibrations depending on the distance of the breakers , 
(d) overtopped inflatable dam with a row of breakers and aluminium frame as measuring device  and (e) closer 
view of the displacement transducer attached to the rubber body 
 
In two further test series a row of breakers was placed along the downstream face at regular intervals of 2.00 m and 
1.00 m respectively. In relation to the length of the deflated membrane lA a good position regarding the effectiveness 
was estimated by analyzing the dam shape under various overflow situations. Visually the breakers are most effective in 
a range of 0.80÷0.90 lA because they are always located on the downstream face of the dam. For the in-situ 
investigations 0.90 lA was chosen. As Figure 4c shows, using the breakers vibration occur in the same range of dam 
heights, but with significantly lower amplitudes. Reducing the space interval from 2.00 to 1.00 m a further increasing 
reduction of the amplitudes could be observed.  
 
DISCUSSION OF THE RESULTS 
The maximum overflow depth with respect to the dam height, hd/h1, from the viewpoint of vibrations depends 
significantly on the overflow depth and the tailwater level. Internal pressure, shape of the weir sill and elasticity of the 
membrane have a smaller influence (Gebhardt 2006). As a result of the above experiments, it can be shown that 
vibrations of the water-filled type can be observed in a small range of dam heights between 0.60 ≤ hd/ha ≤ 0.70 when no 
countermeasures are provided and a constant upstream water level is considered. Vibration type B appears suddenly and 
disappears during further deflation of the dam. It is induced by an unstable separation point of the nappe and the 
(a) 
(b) 
(c) 
(e) (d) 
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resulting pressure fluctuations on the downstream side of the dam. The cross-section of the dam is first deformed in the 
flow direction and then compressed in the vertical direction where the membrane is pressed on the weir sill. The 
deformation can be described as a kind of “pumping”. With increasing tailwater level, a second, also self-excited type 
of vibration can be observed, where a negative pressure area can be noted on the upstream face of the rubber body 
which directs the membrane vertical up. The resulting vibrations are characterized by a significantly lower frequency in 
comparison to Type B. As the results indicate, the Vibrations of type B can be avoided or at least significantly reduced 
through the adaptation of a deflector or a row of breakers.  
 
CONCLUSIONS 
The practical application of the results has been carried out on two inflatable dams within the area of responsibility of 
the WSV: the weir Marklendorf at the River Aller, south of Bremen (Meine 2007), and the weir Bahnitz at the River 
Havel, east of Berlin (Reuter 2007). The two weirs consist both of two spans, each of 23.60 m (Marklendorf) and 
36.50 m (Bahnitz) in width and 2.20 m and 2.40 m in height. The weirs were optimized by model investigations in the 
laboratory of BAW. Due to the better water level regulation, the water-filled type was recommended for both inflatable 
dams and a row of breakers was proposed to avoid vibrations. Figure 5 shows the row of breakers in Bahnitz: the 
breakers were spaced by 1.0 m and located at 0.85 and 0.95 lA in the circumferential direction, alternately. 
 
  
Figure 5: Weir Bahnitz east of Berlin: row of breakers (left), weir in operation (right) 
ACKNOWLEDGEMENTS 
The author acknowledges the assistance of Floecksmühle Energietechnik GmbH and the operator Kraftwerk Ainring 
GmbH & Co at the in-situ investigations. I also thank my colleagues Ingo Kamuf and Udo Pfrommer for performing the 
experiments. 
 
REFERENCES 
Anwar, H.O.: Inflatable dams, Journal of the Hydraulic Division, ASCE, Vol. 93, 1967, pp.99-119. 
Binnie, G.M. et al.: Inflatable weir used during construction of Mangla Dam, Vol. 7655, 1974, pp.625-639. 
Chanson, H.: A Review of the overflow of inflatable flexible membrane dams, Australian Civil/Structural Engineering 
Transactions, Vol. CE39, No.2 & 3, 1997, pp.107-116. 
Chanson, H.: Hydraulics of rubber dam overflow: A simple design approach 13th, Australasian Fluid Mechanics 
Conference, Dec.1998, pp.255-258. 
Chervet, A.: Model-prototype comparison of the defective behaviour of an inflatable dam, Symposium on Scale Effects 
in Modelling Hydraulic Structures, Sept. 3-6, 1984, S.1.16-1 bis 1.16-6. 
Gebhardt, M.: Hydraulische und Statische Bemessung von Schlauchwehren, Mitteilungen des Instituts für Wasser und 
Gewässerentwicklung - Bereich Wasserwirtschaft und Kulturtechnik, Universität  Karlsruhe (TH), 2006. 
Gebhardt, M. et al.: Grundlagen für die hydraulische und statische Bemessung von wasser- und luftgefüllten 
Schlauchwehren, Wasserwirtschaft, Vol. 3, 2008, pp.27-32. 
Japanese Institute of Irrigation and Drainage: Engineering Manual for Irrigation & Drainage, Mar.1989, pp.444-464. 
Lugt, H. J.: Wirbelströmung in Natur und Technik, Taschenausgaben Wissenschaft + Technik, Verlag Braun, 1979. 
Meine, G.: Allerwehr Marklendorf – Bundeswasserstraße Aller – Schlauchverschlüsse für das Allerwehr Marklendorf, 
Bau- und Funktionsbeschreibung, erste Erfahrungen, Mitteilungsblatt der BAW, Heft 91, 2007, pp.57-62. 
Ministry of Land, Infrastructure and Transport, River Bureau: Technische Richtlinie für Schlauchwehre, translated from 
the Japanese on behalf of the Bundesanstalt für Wasserbau, unpublished, 2000. 
Minor, H.-E.: Schwingungen überströmter Wehre und ihre Beseitigung, Universität Stuttgart, Mitteilungen Nr. 35, 
1975. 
Naudascher, E.: Hydraulik der Gerinne und Gerinnebauwerke, 2. Auflage, Springer-Verlag, Wien New York, 1992. 
Ogihara, K.; Muramatsu, T.: Rubber dam, causes of vibrations of rubber dams and countermeasures, 21st IAHR 
Congress, Melbourne, Australia, Aug.1985, pp.601-604. 
Reuter, R.: Ersatzneubau Wehr Bahnitz - Varianten, Planung und Bau eines Schlauchwehres, Mitteilungsblatt der 
BAW, Heft 91, 2007, pp.63-76. 
